from PA12 powder needs to be improved by the inclusion of fillers. Nano-materials such as nanoclays have potential in this area, but their dispersion can be difficult. Plasma etching has been used to improve dispersion and therefore make these nano-materials more viable. [8, 9] LS-PA12 parts with many other polymers have also restricted applications where adhesive bonding of polymers with other materials, wettability, or printability are required, due to their poor hydrophilic properties. [10] PA12 powder tends to have the lowest swelling and solubility in polar solvents like water due to its longer methylene chain and strong hydrogen bonds between the amide groups of the PA12. [11] Consequently, different surface modification techniques, for instance, wet chemical and/or plasma treatment have been frequently used to modify the polymeric surfaces for such applications. [12] Plasma-based surface modification has been used extensively in the past decade due to its favorable properties, such as lack of toxic chemicals or waste products; therefore, it is considered as an environmentally friendly method. [12] Plasma surface modification is used mainly to tailor the surface chemistry by enhancing the polymeric surface energy.
Plasma-a reactive medium containing free electrons, excited and ionized atoms and molecules, radicals, and metastables and VIS-UV radiation is widely applied also for chemically modification of polymer surfaces, [10, [13] [14] [15] e.g., ultrafine cleaning, [16, 17] functionalization, [18] etching, [19] or thin film deposition. [20] Atmospheric pressure plasma jets are used to improve the wettability and adhesion, [10, [21] [22] [23] as is low pressure plasma. [13, 24, 25] Both of these techniques are investigated in this work, although the plasma jet, can be expected to have an advantage that it is more economical than the low pressure ones requiring a vacuum chamber. [10, 26] An optimal use of plasma treatment promotes the surface functionality and dampens structural degradation of original material. For this purpose, an advanced characterization of chemical properties is required in correlation to plasma process settings (gas, pressure, excitation frequency, power). Different gases or gas mixtures for example, Argon or Fluorine based plasmas such as CF 4 and oxygen gas plasma, are used for the surface hydrophilisation or hydrophobisation of polymers. [23] [24] [25] Plasma based technique is a common way but not the only method, other types of methods like grafting or electron beam irradiation can also be used to manipulate the surface properties of materials. [27] [28] [29] Several attempts have been carried out to modify a wide range of polymers using plasma for different purposes. [13, [30] [31] [32] Studies focused on the plasma treatment of PA12 are concentrated on the bulk material, thin films, [10, 22, [33] [34] [35] or fibers. [36] A significant plasma effect on solid materials is limited to the topmost surface layer, the thickness of which depends on the plasma power and exposure time. [37] Within this surface layer, the chemical structure and properties (e.g., mechanical properties) differ significantly from those of pristine materials or from the bulk. [10, 32, 33] Hence, a phase separation in the region between the surface and bulk materials can occur. [38] Aging and degradation of the plasma-assisted active sites after exposure to the ambient environment is another common issue which is caused by the interaction between the surfaces free radicals and environmental oxygen. [32, 39] Further, the practical application of plasma treatments to complex-shaped laser sintered parts is challenging. As a solution to these issues, we suggest using plasma treatment on polymer powders (PA12 is the target material) before sintering. Laser Sintering of plasma treated powder is in its infancy, and studies in this field are very rare. In a recent work, LS-PA12 powder was plasma treated to observe whether the plasma treatment changes the powder surface tension. [40] This study was aimed to present a correlation between the measured and estimated surface tension of the powder and melt for understanding the LS processes and additional qualifying new materials.
Here, we conduct a comprehensive study of the usability of plasma treated PA12 powder in laser sintering for applications which require high hydrophilicity. Surface chemical reactions and microstructure development were considered in this paper toward a better understanding of the plasma treatment mechanisms and benefits. Downward heat sintering (DHS) was used as a casting method to mirror the technology of laser sintering but on smaller powder quantities to reduce cost and waste products for Additive Manufacturing. DHS was used only to cast the nontreated and LP-PT treated PA12 powder as the PJ treated powder has shown its meltability during plasma exposure. This study is a part of a series of works linking plasma treatment and its advantages on polymers or polymer composites for laser sintering applications. [8, 9] 2 | MATERIALS AND EXPERIMENTAL
| Materials
Polyamide 12 (PA12) (often named as Nylon12) supplied by e-Manufacturing Solution (EOS) is a white, odorless, thermoplastic and semicrystalline polymer. PA12 is selected for this study as, by far, it is the most established and commonly used laser sintering powder. PA12 is an aliphatic polymer with structure as displayed in Figure S1 . The powder batch used in this paper comprised 50% recovered powder from previous Laser Sintering builds, blended with 50% virgin powder, as is standard in industry.
PA12 particles, as shown in Figure S1a , often have rounded or potato shape with an average size of 60-80 μm particles which is the standard specification of the LS powder.
In Figure S1b , higher magnification SEM image of a single PA12 particle before treatment, shows a non-porous solid surface. In SEM image in Figure S1b , we observe that the PA12 particles were covered by white nanosized particles which are assumed to be TiO 2 which are added to improve the powder whiteness. [41] These nanoparticles look whiter due to their higher refractive index, which means the TiO 2 has a higher scattering light affinity than the PA12 particles. [42, 43] 2.2 | Plasma treatment technologies 2.2.1 | Low pressure air plasma treatment (LP-PT)
As polymers are heat-sensitive materials, a cold plasma treatment was required to provide low temperature surface modification. A Zepto plasma cleaner from Diener Electronics was used in this study. PA12 powder (≈3 g) was placed in thin layers in a glass petri dishes in the plasma cleaner chamber (glass cylindrical chamber), exposing only the surface of the powder layer to the plasma. Thus, the powder was turned half way through the stated treatment time as shown in Figure S2 to increase the homogeneity of the treatment.
After placing powder in the plasma chamber, that was evacuated before running the plasma. Air gas plasma (ambient air is the process gas) generated inside a glass cylindrical chamber was applied by a strong electric field in between two electrodes. Oxygen molecules are activated and dissociated into reactive species, atoms, radicals, ions, and electrons. The plasma generator is switched on when working pressure has been achieved (3 mbar or less). However, this pressure changes slightly after generating the plasma. Then, plasma system receives continuously fresh gas while the contaminated gas is evacuated. PA12 powders were treated at 100 W power for 1, 2, and 3 h respectively, the treated powder was then removed and stored in a sealed glass jars.
| Atmospheric pressure plasma jets (APPJ)
The direct treatment of PA12 powder was conducted using two different cold atmospheric pressure plasma jets i.e., kINPen (K-APPJ) and Hairline (H-APPJ) the differences between the two pen sources are shown in the table in Figure S3 but essentially the K-APPJ has a higher power than H-APPJ. The operating gas mixture here is Argon. PA12 powder was treated at atmospheric pressure for 1, 3, and 6 min. A thin layer of PA12 powder was placed on a small metal stub with a distance ≈1 cm between the plasma pen and the powder.
| Sample fabrication methods
LP-PT and non-treated PA12 samples were produced via Downward Heat Sintering method (DHS) to mirror the laser sintering as described in. [9] PA12 powders were placed in a hollow mould in between the upper and lower parts of the hot press for 30 min in two stages. First, the powder was preheated in the lower part at a temperature 185°C for 15 min before the upper part at a temperature 190°C was brought down for another 15 min. Thus, samples and parts were cast without applied external pressure with a downward supplied heat energy, therefore the DHS was considered as a good indicator for the laser sintering. In the laser sintering process, parts were produced by laser energy layer-by-layer supplied on a preheated powder bed. The main parameters of laser sintering process are: part bed preheating temperature-170-172°C; laser power-13-21 W; laser speed scan 2500 mm sec
;layer thickness-0.1 mm; and scan spacing-0.25 mm.
| Characterization and Testing

| Morphology investigations by scanning electron microscopy (SEM)
Low Voltage Scanning Electron Microscopy (NovaSEM) was used to analyze the morphology. An electron beam with a low landing energy (2.2 KeV) was used to reduce the specimen surface charging and damage. Note no metal coating was applied to the polymer surface. In addition, two different detectors were used to image the powder and bulk samples; a Through-lens-detector (TLD) for secondary electron (SE) imaging at low magnification and concentric back scatter detector (CBS) using back-scattered electrons (BSE) to obtain high magnification images. A Low Voltage FEI Sirion (FEGSEM) was used for imaging the 1 and 3 min K-APPJ treated PA12 at low voltage up to 1 kV primary beam and 4.8-4.9 mm working distance, with SE collected using the immersion-lens TLD. A Low Voltage FEI Helios SEM specifically designed for high resolution imaging at low voltages <1 kV and working distance of 4 mm was used to probe the nontreated and H-APPJ treated PA12 powders. All micrographs were processed to enhance contrast.
| Wettability and density measurements
As a solid and flat surface is commonly required in the contact angle measurements, a simple experiment was developed in this study to investigate the plasma effect of the wettability of polymer powders. Nontreated and 1 h LP-PT treated PA12 powders were mixed with tap water and stirred gently using a magnetic stirrer for 15 min in glass jars. Then the glass jars were left in ambient temperature and images recorded before stirring and after every hour for up to 72 h.
The densities of PA12 (nontreated, 1 and 2 h treated) were measured using Gas Pycnometer (Accupyc II 1340) from micromeritics.
| Fourier transform infrared spectroscopy (FTIR) and hot stage microscopy (HSM)
FTIR analysis was performed using a PerkinElmer Frontier spectrophotometer equipped by Golden GateTM-single reflection Diamond ATR accessory. FTIR measurements were carried on LP-PT treated and nontreated PA12 powders (without KBr dilution) by recording 10 scans of the wavenumber range from 500 to 4000 cm −1 with a spectral resolution of 4 cm . Before obtaining spectra from the samples, a background spectrum with no sample was taken as a control. HSM was performed on BX50 light microscope from Olympus attached to a temperature-controlled microscope stage from Linkam.
| RESULTS AND DISCUSSION
| Visual observation and chemical reactions description
The reactive plasma species attack the polymer surface leading to physical and chemical changes on the exposed polymer surface, e.g., changes of crystalline forms, macroradical generation and splitting of the macromolecules into fragments. One of the most frequently occurring reactions is polymer oxidation, particularly when oxygen-containing plasma is used in the treatment process. As can be clearly seen in Figure 1a , a dramatic change in the color of the PA12 powder was observed as the pristine PA12 powder is white and becomes light brown after a 1 h exposure, and a darker brown after 2 h. The treated and nontreated powders were also pressed into solid discs with the disc surface displaying a uniform color which reveals that only fewer powder particles were not well-exposed (see Figure 1b) . Activated atoms and molecules in the electric field during plasma exposure react with the modified surface, creating new oxygenated groups and new chemical functionalities. Polymer oxidation can therefore occur when the oxygen atoms attack the activated surface leading to hydrogen abstraction (separation) from the polymeric chain, and forming free radicals, which can react to the oxygen in the plasma field. PA12 has a weak resistance to UV radiation and exposure weakens the C─C and C─H bonds. As described earlier, the PA12 particles were covered by TiO 2 nanoparticles (see inset image in Figure S1b) , and the inclusion of photoactive particles could play a critical role in enhancing the production of radical species. [43] In an environment rich with oxygen and radicals (see Figure 1c) , this enables chemical reactions that produce volatile products like CO and | CO 2 , new functional groups, i.e., −OH and −COOH [13] and physical changes like the discoloration. [44] Volatile molecules created were subsequently boiled off and swept away by the vacuum pump leading to the formation of pores and holes.
Besides the formation of new chemical functionalities, powder surface etching and powder discoloration, surface activation by oxygen plasma often leads to increased surface energy and roughness, morphological changes, and enhanced wettability. Surface energy is increased by the formation of immobilized free radicals through the generation of dangling bonds. [37] Immobilized free radicals are reactive and unstable, however have higher kinetic stability and longer lifetimes than mobile, free radicals. [37] It is also worthy to note, although oxygen is the most active gas in the air plasma treatment, nitrogen N 2 gas (ions or atoms) also interacts with the polymeric surfaces and chemical abstraction leading to the formation of volatile products like NO and NO 2 .
[26]
| Surface morphology investigations by SEM
The morphological surface changes of the plasma-exposed particles can be observed in the SEM micrographs in Figure 2 .
Distinct differences between nontreated ( Figure 2a ) and treated PA12 (Figure 2b ) particles are observed in the BSE-SEM images. Both exhibit dark areas, which are pores or cracks [45] and very bright nanostructures which we assume are the TiO 2 nanoparticles present in the nontreated PA12 powder. [41] The nontreated powder exhibits few nanopores, while the LP-PT powder contains micron size pores. Less obvious is the change in distribution of the bright nanostructures with visible accumulations of the latter at the pores edges (examples are marked with arrows and circle in Figure 2b ). This contrast reveals a heterogeneity in the molecular weight and topography of the treated particle surface due to the plasma species coupled with the UV radiations.
The heterogeneous surface morphology is attributed, as mentioned above, to the dissociation of carbon bonds and conversion to CO and CO 2 gases and other volatile chemical compounds, resulting in surface etching, and material loss. [25, 26] The formation of pores in this section (shown in Figure 2b ) especially those with a size of a few hundred μm, was possibly due to the chemical changes induced by the plasma species and UV radiation. The chemistry of the etch products is discussed in the FTIR analysis sections. The polymer-water interaction significantly changed after plasma exposure as shown in Figure S4 and S5 and Figure 3 .
As can be observed in Figure S4 , the LP-PT treated PA12 powder was easily spread over the water surface just before penetrating the water surface, suggesting that the plasma treated powder was rendered wettable (hydrophilic). On the other hand, the nontreated PA12 powder aggregated on top and revealed poor wettability as shown in Figure S4 . For a deeper insight, photographs were taken of the LP-PT treated and nontreated PA12 powders, at 1 min and 1 h intervals after mixing and stirring with water ( Figure 3a -c and Figure S5 ). As can be observed in Figure 3a , the LP-PT plasmatreated PA12 powders tended to spread and disperse within water before stirring while the nontreated PA12 powder remained on the top. During stirring, the treated powder became well-dispersed in the water changing the color of the treated powder-water mixture to that of the treated powder, whilst the nontreated powder was suspended in the stirred water leading to a "milky" appearance of the powder-water suspension as seen in Figure 3b . After stirring, some of the treated powder particles began to settle at the bottom, whilst others floated either at the top or within the jar space (see Figure S5 in supporting information). In a photograph taken after 72 h, all the powder either settles at the bottom (wetted), or floats to the top with some of suspended particles remaining stable in between as observed in Figure 3c . In contrast, all the nontreated powder accumulated at the top as shown in Figure 3c and Figure S5 . This experiment reveals that the PA12 powder becomes wettable upon plasma exposure.
After exposure to atmospheric air plasma (rich in oxygen), the hydrogen bonding with water becomes easier and polar components are increased on the PA12 particles, which facilitate the PA12 powder wettability. [10, 34, 46, 47] However, as seen in Figure 3c , only a part of the powder was fully dispersed which is possibly because of density heterogeneity, as shown in Table 1 , which summarizes the density and volume changes of PA12 caused by plasma treatments. It is noted that the density of PA12 powder was increased by 3% and 3.2% due to 1 and 2 h plasma treatment respectively.
As previously mentioned, the exposure of the powder to plasma releases etched products, and material removal from the amorphous regions and results in an increase in the polymer density. However, this density increase was probably not the same for all the particles, therefore some of the particles were heavier than the others and settled down at the glass jar bottom (Figure 3) . It is also believed that the LP-PT treated powder was better packed than the nontreated as the Pycnometer measured the true density from a measured volume and, as observed by Table 1 , the measured volume treated powder was less than that of nontreated powder for the same mass.
| Chemical analysis using FTIR
FTIR was used to analyze chemical changes during the plasma exposure. Figure 4 shows one FTIR spectrum of each sample of the tested materials: nontreated PA12 powder and the treated ones (1, 2, and 3 h exposures). The major absorption bands appeared in the FTIR spectra of the PA12 samples as listed in Table 2 . All of these bonds and their assignments are based on previous studies. [10, 33, [48] [49] [50] [51] [52] [53] [54] As noted in Table 2 and Figure 4 , the main functional groups are N─H groups (bending and stretching), carbonyl groups (carbon-oxygen double bonded), single bonded carbon-carbon groups, and alkane groups (CH 2 ). Further, two bonds representing the α-phase of PA12 were observed at wavenumber of 576 and 683 cm −1 belonging to N─Han dCO respectively. [48] These two bonds, however, . γ-phase was also observed at two absorption lines of 622 cm −1 (N─H) and 1545 cm −1 (N─H bending + C─N stretching). [48] The entire FTIR spectral range in Figure S6 displays all the fingerprint and Amide regions. Limited spectral changes between the treated and nontreated PA12 samples were found in FTIR data as displayed in Figure 4 . The main reason for this, is that the depth of the chemical changes during plasma exposure is mostly limited to the topmost few atomic layers of the surface whereas the FTIR probes 1 μm beneath the tested surface. [10] Moisture may also affect the FTIR signal during specimen analysis. [10, 33] Hence, all the PA12 samples were examined three times, mean values were calculated and shown in Table 3 . The FTIR results in Table 3 ), confirming that surface chemical changes occurred on plasma treated surfaces. The intensity of the absorption bond at 618-622 cm −1 in Table 3 (i) increased with the plasma exposure time indicating the proportion of γ crystalline phase increased. [33, 50] As increased γ crystalline phase results in toughened PA12, this suggests that the LP-PT can lead to enhanced toughness in PA12 sintered parts. The FTIR data in Table 3 (ii) also confirms that absorption in the range of 1715-1730 cm
, belonging to carbonyl groups, was increased to 0.032, 0.034, and 0.046 after plasma exposure of 1, 2, and 3 h respectively. Increased carbonyl (CO) absorption indicates the presence of oxygenic species on the treated surfaces, confirming the earlier hypothesis of regarding the creation of oxygen species during plasma treatment. [33] 3.5 | Pores formation in powder due to LP-PT (SEM and HSM analyses)
A comparison between the nontreated PA12 and treated PA12 (1, 2, and 3 h) was made using SEM, images shown in Figure 5a -d. No significant changes were observed between powders from nontreated PA12 and 1 h treated PA12 except small holes appeared in the 1 h etched PA12 without any visible cracks (see Figure 5a and b). After 2 h of plasma treatment however, visible cracks and pores were easily observed in the particles, as shown in Figure 5c . These effects extended with prolonged plasma exposure of 3 h, as can be seen in Figure 5d , in which the particles are strongly affected by the plasma treatment leading to a more porous structure. Longer plasma treatments (2 and 3 h) have shown another beneficial effect of splitting the large agglomerates (nonsintered particles stuck to each other) into smaller particles as shown in Figure S7 . It is believed that this effect is a result of chemical effect catalyzed by a low intensity ion bombardment causing atoms and molecules to be ejected from the particle surface. [55] [48, 49] Amide VI (α-form) 622 N─H out-of-plane bending [48] [49] [50] Amide VI (γ-form) 683 CO out of plane bending [48, 50] Amide V (α-form) 719 CH 2 rocking [10, 33, 49] Alkanes 770 N─H bending [51] 925 C─CO stretching [52] 950 CONH in plane [49] 1124 C─C skeletal [10, 49] 1161 CH 2 and CONH vibration [10, 49] 1170 N─C─O stretching [53] 1270 C─N stretching + CO in plane bending [10, 49] Amide III 1372 CH 2 wagging [10, 49, 51] 1460 CH 2 scissoring vibration, [10, 49] Alkanes 1545 N─H bending + C─N stretching, [10, 33, [48] [49] [50] Amide II (γ-form) 1638 CO stretching + C─N stretching, [10, 33, [48] [49] [50] 54] Amide I 1715-1730 CO stretching [10, 33] 2850 CH 2 symmetric stretching, [10, 49] Alkanes 2919 CH 2 asymmetric stretching, [10, 49] Alkanes 3093 N─H stretching, [10, 49] Amide II 3291 Hydrogen-bonded N─H stretching, [10, 49, 50] For a better understanding of the dual effect of LP-PT on the PA12 powder, hot stage microscopy (HSM) was used in which the powders were cooled followed by heating to 250°C. Images taken during crystallization (cooling process) in HSM of 3 h plasma treated PA12 powder, showed a spherulitic structure consisting of stacks of parallel lamellae embedded in amorphous regions (examples marked by arrows in Figure 6a) . The lamellar morphology shown by HSM can be linked to SEM images after a prolonged plasma process, shown in Figure 6b . The region of interest marked in Figure 6a and b shows that the material loss which was predominantly from the intermediate (amorphous regions). [56] This phenomenon can be observed in many particles as shown in Figure 5c and d. Thus, it confirms that there is a greater ratio of crystalline to amorphous material in the etched powder in comparison to the unprocessed powder, which is also suggested by density and FTIR measurements.
| PARTS FABRICATED FROM PLASMA TREATED POWDERS
Treated (1 and 2 h) and nontreated powders were fabricated into parts via a Downward Heat Sintering method (DHS) which was shown in previous work to be a good indicator of Laser Sintering. [9] DHS is used here to determining the optimal parameters (temperature and time) for establishing the printability of PA12 powders. SEM micrographs of the cross section and top surface morphologies are displayed in The treated powders (1 and 2 h), on the other hand, showed a heterogeneity on the top surface, as well as unmelted particles, as observed in Figure 7b and c. This may be attributed to the incorporation of new functionalities at the particles surface due to the plasma and UV radiation exposure, which was confirmed by the FTIR analysis in the previous sections. This suggests that the LP-PT had succeeded in altering the physical and chemical properties of PA12 by creating new functional groups, a wettable powder and a porous structure. However, the problem of the unmelted particles increases when the treated powder is subjected to melting conditions replicating those of laser sintering. The LS technique failed to fuse all the particles from the nontreated powders [57] (see Figure 7d ) especially with aged powder (recovered powder) which was thermally degraded during subsequent LS processes. [58] Hence, to obtain any benefit from plasma treatment in Laser sintered parts, a shorter exposure time is required. Therefore, the same batch of powder was subjected to two types of PJ higher power −K-APPJ for 1 and 3 min and lower power H-APPJ for 6 min. SEM was used to study the morphological changes on these particle surfaces as shown in Figure 8a -f. The SEM showed that at 1 min duration with the K-APPJ has made few micro-holes and porous structure as can be seen in Figure 8a and b respectively of similar size to that of LP-PT for 1 h. For a 3 min exposure to K-APPJ, many of the particles became fused together creating one Figure 8c ) and while the small pores within particles became bigger and similar in size to 2-3 h of LP-PT. Figure 8e and f) shows the lower power H-APPJ 6 min treatment and shows no particle fusing, and a nano-porous structure. Figure S8 additionally compares the morphology of the LP-PT and H-APPJ for 6 min. It can be clearly seen that the LP-PT for 6 min hardly changes the PA12 surface whilst the H-APPJ 6 min treatment induces the above-mentioned porosity.
Hence, the atmospheric pressure plasma jets K-APPJ and H-APPJ both change the surface morphology of PA12 particles whilst maintaining meltability (Figure 8c) . Moreover, the plasma jet treated powder is perhaps wettable due to increasing the porosity. [59] However, the extent to the PA12 surface change is dependent on the PJ and further works are required on this as well as the chemical properties of the K-APPJ and H-APPJ treated powder. Here we studied the effects of plasma treatment on the sintering of PA12 using different plasma techniques: low pressure air plasma treatment (LP-PT) and two atmospheric pressure plasma jets K-APPJ and H-APPJ.
Our results showed that the physical and chemical properties of LP-PT treated PA12 powder were altered. PA12 powder became wettable, denser, and porous which results from the incorporation of oxygen groups, dissociation of carbon bonds with the accompanied removal of volatile products and amorphous components. Besides the usefulness of using LP-PT for producing wettable and porous structured powder, the melting properties of the LP-PT treated PA12 powder needs to be considered if powders are intended for the fabrication of parts by Laser Sintering. Prolonged low pressure plasma treatment resulted in poor melting behavior in the time needed to generate target morphological changes.
K-APPJ and H-APPJ, on the other hand, have rapidly created porous structures for K-APPJ similar to that of LP-PT for 2-3 h. Moreover, the short K-APPJ has not prevented the meltability of the PA12 powder but the rapid pore formation and melting make it difficult to control. Due to the lower power, the H-APPJ was deemed the more useful treatment to observe the morphology change induced by the atmospheric Plasma jet.
Hence, we conclude that for Laser sintering applications of PA12 powder, PJ treatment technique is recommended. However, further work on characterizing the chemical and physical changes of K-APPJ and H-APPJ treated PA12 using techniques such as FTIR and wettability analyses will be required. This testing is important to discover whether the shorter minute exposures have made similar chemical and physical changes to the LP-PT or not. 
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